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Despite their key roles in many normal and pathological processes,
the molecular details by which zinc-dependent proteases hydro-
lyze their physiological substrates remain elusive. Advanced the-
oretical analyses have suggested reaction models for which there
is limited and controversial experimental evidence. Here we report
the structure, chemistry and lifetime of transient metal-protein
reaction intermediates evolving during the substrate turnover
reaction of a metalloproteinase, the tumor necrosis factor-a con-
verting enzyme (TACE). TACE controls multiple signal transduction
pathways through the proteolytic release of the extracellular
domain of a host of membrane-bound factors and receptors. Using
stopped-flow x-ray spectroscopy methods together with transient
kinetic analyses, we demonstrate that TACE's catalytic zinc ion
undergoes dynamic charge transitions before substrate binding to
the metal ion. This indicates previously undescribed communica-
tion pathways taking place between distal protein sites and the
enzyme catalytic core. The observed charge transitions are syn-
chronized with distinct phases in the reaction kinetics and changes
in metal coordination chemistry mediated by the binding of the
peptide substrate to the catalytic metal ion and product release.
Here we report key local charge transitions critical for proteolysis
as well as long sought evidence for the proposed reaction model
of peptide hydrolysis. This study provides a general approach for
gaining critical insights into the molecular basis of substrate
recognition and turnover by zinc metalloproteinases that may be
used for drug design.

dynamics | matrix metalloproteinases | proteolysis | x-ray absorption |
stopped flow

inc-dependent metalloproteinases comprise a large super-

family of enzymes possessing key biological roles. These
enzymes use zinc (Fig. 1a) to catalyze the hydrolysis of peptide
bonds in a wide variety of substrates in both normal and
pathological processes (1, 2). Over the last five decades, sub-
stantial efforts have been aimed at understanding the molecular
basis by which the catalytic zinc machinery executes such enzy-
matic reactions (3, 4). Protein crystallography, proteomic, and
theoretical studies have been instrumental in proposing reaction
mechanisms (3, 5, 6). However, the molecular details that link
the catalytic chemistry to key kinetic, electronic, and structural
events have remained elusive because of the difficulties associ-
ated with probing time-dependent structure—function aspects of
such reactions in the presence of peptide substrates.

Here we used a strategy based on dynamic structural spec-
troscopy to elucidate in detail the molecular mechanisms at work
during substrate turnover by TACE. TACE is a disintegrin and
metalloproteinase family member (also known as ADAM 17)
with key roles in the regulation of the proteolytic release of
cytokines, chemokines, growth factors, and receptors from cel-
lular membranes (a process known as ectodomain shedding) (7).
We have used stopped-flow freeze-quench x-ray absorption
spectroscopy (XAS) in conjunction with transient kinetic studies
to probe changes in the structure and reactivity of the catalytic
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zinc—protein complex in real-time. We have quantified the
structure, electronics, and lifetime of the evolving zinc—protein
reaction intermediates during the peptide hydrolysis reaction.
Thus, we provide a correlation between the distinct kinetic
phases involved in the proteolytic reaction and key structural and
electronic intermediates evolving at TACE’s active site.

Transient Kinetic Analysis

To determine the kinetic phases of the substrate cleavage
reaction and their lifetimes, we conducted steady-state and
pre-steady-state kinetic analyses of TACE during peptide hy-
drolysis, using a fluorogenic substrate that spans the cleavage
site of precursor TNF-a (QF45: Mca-SPLAQAVRSSSRK-
(Dnp)-NH; (8) (see Fig. 1b). Peptide hydrolysis characterization
was done under conditions that were independent of reactant
concentrations to isolate the peptide hydrolysis event from
substrate/enzyme association. Specifically, TACE proteolysis
was studied by increasing substrate/enzyme molar ratios until no
change in rate was observed. Fig. 1b describes the peptide
hydrolysis reaction under multiple turnover conditions in which
different kinetic phases are resolved. Three distinct kinetic
phases were observed (Fig. 1b): (i) A lag phase of ~34 ms (the
dead time of the stopped flow instrument is 2.1 ms); (if) a burst
phase from 34 to 105 ms; and (iii) a steady-state phase extending
beyond 105 ms. The relatively high amplitude ratios of the
pre-steady-state burst and steady-state phases implies that the
rate limiting step for TACE substrate cleavage is product release
(9). The nonlinear curve fitting analysis of kinetic traces supports
this point. The rate of the pre-steady-state burst, kops of 64 s71
at 37°C, indicates that the actual catalysis is fast and that the
reaction limiting step is the substrate dissociation.

Correlation of Turnover Kinetics with Structural Changes

We have used stopped-flow freeze-quench XAS procedures (10)
to structurally characterize TACE’s catalytic site during sub-
strate turnover. XAS provides local structural and electronic
information about the nearest coordination environment sur-
rounding the catalytic metal ion within the active site of a
metalloprotein in solution (for detailed review, see Strange and
Hasnain; ref. 11). Time-dependent XAS provides insight into the
lifetimes and local atomic structures of metal-protein complexes
during enzymatic reactions on millisecond to minute time scales
(10) [see supporting information (SI) Text for details]. This type
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Fig. 1. Zinc-dependent peptide hydrolysis. (a) Schematic depiction of the
catalytic zinc site of TACE. This model represents the resting active state of the
enzyme. The optimized structural model was produced from the crystallo-
graphic coordinates of inhibited TACE (PDB ID code 1bkc; the hydroxamate
inhibitor, Tapill, was removed for clarity). The zinc ion (orange) is bound to
His-405, His-409, His-415, and water as demonstrated by structural and spec-
troscopic studies (25). TACE's catalytic domain shares high sequence similarity
with members of the matrix metalloproteinases (25, 26). (b) Pre-steady-state
kinetics of QF45 hydrolysis by TACE. The reaction conditions were optimized
by rapidly mixing 1.2 uM active TACE (catalyticdomain, residues 215-473) and
4-20 uM QF45. Fluorescence emission from the product was monitored at
>390 nm after excitation at 329 nm. The data (shown by open circles) consist
of three main phases: lag phase, 0-34 ms, kinetic burst, 36-90 ms and
steady-state phase, 90 ms, and on. Data were fitted (solid line) using a
combination of a linear function and a single exponential equation, Fy = a X
t+ b+ ¢ X ek, where F(y is fluorescence intensity at a given time t and reports
on product formation, a is the slope of the steady-state linear phase, b is the
offset value of this phase represented by the baseline height, c is the ampli-
tude of the exponential term, and k is the apparent rate constant (s~'). Under
steady-state conditions (data not shown), the k.t and K, values were 232 =
1.2 ms™ ' and 44.32 + 7.2 uM, respectively.

of information cannot be addressed by kinetic analysis alone.
Here we use this method to correlate the observed kinetic phases
with the structure of transient zinc—protein intermediates and
the local charge transitions that evolve during the initial peptide—
protein interaction (lag phase) as well as during peptide hydro-
lysis (burst phase). This analysis provides direct experimental
evidence for a peptide hydrolysis model that correlates the
electronic transitions at the zinc site with defined catalytic steps.

For these experiments, we rapidly mixed and froze active
TACE and substrate peptide in the stopped-flow freeze-quench
apparatus. Sample mixtures were trapped during turnover in 5-
to 10-ms time intervals over 5-233 ms (Figs. 16 and 2a Inset). On
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the basis of our previous work (10), we expected that trapping
enzyme—substrate complexes as they form during the early
stages of catalytic turnover would increase the probability of
trapping reaction intermediates. To probe the structure and
electronics of the catalytic zinc—protein complex in TACE,
frozen samples were probed with a monochromatic x-ray beam,
and the x-ray absorption of the various time-dependent com-
plexes were collected at the zinc K-edge.

Probing the Structure of the Catalytic Zinc—Protein Complex in
TACE

Fig. 2a (with the experimental set-up illustrated in the Inset)
shows the fluorescence XAS data collected within the early
stages of catalytic turnover using the time-resolved freeze-
quench procedures. The data are presented in the form of
Fourier transform (FT) spectra to provide the radial distribution
of the various atoms within the first and second coordination
shells of the catalytic zinc ion in TACE (the raw x-ray fluores-
cence data are presented SI Text). Apparent changes in the radial
distribution spectra of the various time domains can be observed
above the noise level. These spectral changes indicate that the
local environment of the catalytic zinc ion undergoes structural
transformations.

The shape and amplitude of the FT peaks are directly related
to the type and number of the amino acid residues that are bound
to the zinc ion. The first FT peak at time 0 corresponds to three
Zn-N/O and one Zn-O/N atomic contributions and represent
the coordination of the catalytic zinc ion to the three conserved
histidine residues and water molecule at the enzyme active site
(see also Fig. 1a) (5). Similarly, the second and third FT peaks
(see arrows) are contributed by the atomic coordination of
higher shells attributed by, for example, the alpha carbons of the
histidine imidazole rings or the peptide backbone carbonyl. The
observed deviations in both spatial distribution and peak inten-
sities of the FT spectral features indicate unequivocally that the
local structure of the catalytic zinc—protein complex is dynam-
ically distorted during turnover.

The dynamic nature of the reaction mechanism of peptide
binding to the catalytic zinc protein complex is evident in Fig. 2a.
An abrupt increase in the first and second shell peak intensities
of the FT spectra, at time scales corresponding to the reaction
kinetic burst, indicate the direct coordination of the substrate
peptide to the catalytic zinc ion (see blue arrow Fig. 2a).
Remarkably, the process of the dissociation of the product from
the catalytic zinc ion can be detected by the apparent restoration
of the first FT peak intensity toward the resting active state and
the shift of the second shell peak to higher distance (see red
arrow) beyond the 88-ms time point at this level of data analysis.
The shift of the second shell is seen before this time point and
before reduction in first shell peak intensity. This finding may
suggest that some conformational transitions are taking place in
the enzyme active site before substrate dissociation.

Next we focused on precisely establishing the local structure
around the catalytic zinc ion within TACE’s active site by (i)
obtaining the number of different intermediate species present
at all time phases, (if) identifying those species, and (iii) defining
their relative abundance. For this, we applied a combination of
principal component analysis, multiple data-set fits, and residual
phase analysis (see SI Text for data-analysis strategy) (10, 12).

The coordination number, metal-ligand bond distances, and
Debye—Waller factors of each time-dependent spectrum were
refined by iteratively subtracting different fractions (from 0 to
90%) of the known steady-state XAS spectrum of substrate-free
active TACE (i.e., the initial phase), followed by fitting of the
residual spectrum to theoretical amplitudes and phases calcu-
lated via FEFF7, which is a program that calculates phase shifts
and effective scattering amplitudes (13). During the kinetic burst
phase, we detected the formation of a pentacovalent complex at
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Fig. 2. Stopped-flow XAS analysis. (a) Magnitudes of the Fourier trans-
form (FT) of k2-weighted spectra, uncorrected for the photoelectron phase
shifts (=~0.5 A), of the various time domains. The FT spectra were derived
from the raw x-ray fluorescence data of the various time domains (before
fitting analysis, see S/ Text for details). Peak intensities above the noise
level representing changes in the radial distribution of the atomic envi-
ronment of the first, second, and higher atomic shells bound to the zinc
atom within the TACE active site during catalysis. A comparison with the
kinetic trace (Fig. 1b) shows no structural changes in the zinc-protein
complex during the lag phase at time points 0-34 ms. An increase in first
shell magnitude marked by the blue arrow (attributed to the formation of
pentacoordinate zinc-protein complex at time point 46 ms) can be de-
tected upon substrate binding to the zinc ion. In addition, an enhanced
contribution of the second shell, Zn-C atomic distance, marked by a red
arrow, is observed in synchronization with the increase in first shell peak
intensity and the formation of the pentacoordinate intermediate (see
Table 1). Finally, reduction in the first shell peak intensity (follow the blue
arrow) and elongation of second shell Zn—-C bond distance (follow the red
arrow) is observed upon dissociation of the peptide substrate from the zinc
ion due to product formation at 88 ms. (Inset) Illustration of the time-
resolved freeze-quench XAS set-up. Reaction components (TACE and pep-
tide substrate) are rapidly mixed (dead time = 2.1 ms), sprayed into a
precooled isopentane bath, and collected inside a sample holder. Samples
are exposed to a monochromated x-ray beam. Enzyme-substrate com-
plexes formed at different reaction times are trapped and collected at
appropriate times determined by monitoring the kinetics of the system by
fluorescence emission spectroscopy. (b) The derivative of each time point of
the absolute edge position during catalysis indicates the relative shift in
edge energy (left y axis). Shifts in edge position are calculated with respect
to the state of the sample at the start time of 0 ms. Changes in edge energy
are correlated with the total effective charge of the zinc ion. Distinct
charge transitions are detected during the kinetic lag phase (0-34 ms).
Restoration of the zinc-protein charge transitions is observed at the end of
the catalytic cycle approaching steady state (88-105 ms). The absolute
position of the K-edge energy is indicative of the oxidation state of the
absorbing atom (10). A shift to higher energy is associated with a more
positive (more oxidized) effective charge on the metal ion. The change in
the total coordination number of the zinc—protein complex (reported in
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the catalytic zinc ion at 46 ms with a rather long lifetime (=40
ms). This stable intermediate evolved upon substrate binding to
the catalytic zinc ion. After formation of substrate—enzyme
complex, we observed the dissociation of the product from
the catalytic pocket (complete dissociation observed after 88
ms), resulting in the formation of a tetrahedral complex at the
zinc ion.

Table 1 summarizes the dynamic changes in atomic distances
of the various zinc—protein—substrate ligands, including direct
visualization of the binding of the peptide to the zinc ion and its
dissociation after product release during a single catalytic turn-
over. This structural information is obtained from nonlinear
fitting analysis of the experimental XAS spectra to the calculated
XAS spectra (phase shifts and calculated scattering amplitudes)
from the crystallographic coordinates of TACE and related
matrix metalloproteinase structures (see SI Text). The observed
dynamic changes in first shell bond distances are supported by
concomitant changes in the second zinc ligand coordination shell
(contributed by changes in Zn-C distances, see SI Text). Our
attempts to detect intermediates at later reaction stages were
inconclusive because of poor fits, due to the loss of synchronicity
between the evolving intermediate states and their relatively low
concentrations within this time frame.

The formation of pentacoordinated zinc—protein—substrate
intermediates is indicated by the detection of additional Zn-O/N
contribution. The local structure of this complex is assigned
based on the described EXAFS analysis, and the identity of the
fifth protein-substrate bond is rationalized based on the tran-
sient kinetic analysis. Specifically, this complex is detected only
at the kinetic burst. Dissociation of the substrate from the
catalytic zinc complex is observed by the elongation of the
Zn-O/N bond distance as approaching steady state. The assign-
ment of specific atomic contributions detected by our stopped-
flow EXAFS analysis is supported by (i) crystallographic and
spectroscopic structures of the resting state of TACE and (ii) the
remarkable consistency between the distinct transient kinetic
phases and the lifetime of the detected structural intermediate.

Detection of Active Site Charge Transitions Upon Substrate
Recognition and During Catalysis

Relative changes in the oxidation state of the zinc ion were
analyzed by monitoring the shifts in edge energy of the raw XAS
data (at the spectral edge region) among the different time-
dependent XAS spectra along the peptide hydrolysis reaction.
Changes in local charge and coordination number may be
correlated with changes in spectral edge energy. This correlation
is mostly significant for spectroscopically silent ions such as zinc.
The inflection point of the spectral edge region was used for
“edge energy” determination (see SI Text). Remarkably, signif-
icant changes in the total effective charge of the catalytic zinc ion
are detected before the binding of the peptide substrate to the
catalytic zinc ion and the formation of the pentacovalent com-
plex. Importantly, these changes are detected during the kinetic
lag phase (0-34 ms). Partial neutralization of this charge effect
is observed during the kinetic burst, whereas the dissociation of

Table 1) is represented by the blue line (right y axis). The coordination number
is determined from EXAFS analysis of the evolving reaction intermediates (see
text and S/ Text). The zinc ion preserves its tetrahedral coordination to three
histidine residues and a water molecule during the kinetic lag phase at 0-34
ms. Formation of the pentacoordinate zinc-protein—substrate configuration
(with an additional Zn-N/O contribution) in some TACE molecules in the
sample is detected during the kinetic burst at 46-88 ms. Dissociation of the
additional Zn-O/N bond is detected by restoration of the tetrahedral complex
(at 95 ms) and elongation of the Zn—-O/N bond (Table 1, at 74-88 ms). The
effect of total charge transitions is represented by the integrated area under
the orange bars.
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Table 1. Nonlinear curve fitting data analysis parameters of zinc—protein ligand intermediates during a single catalytic cycle of TACE

) 3 X Zn-N/O | 1 X Zn-N/O Il 1 X Zn-N/O Il
Time,
ms I AEo, ¢V RA a2, A2 R, A a2, A2 R, A a2, A2
0 0.22 6.8 2.11 + 0.01 5.6E-03 + 2E-03 1.95 + 0.02 6.0E-03 * 4.5E-03
45 0.96 7.8 2.14 + 0.02 1.2E-03 + 4.7E-04 1.94 + 0.01 2.2E-03 + 2E-03
1 1.26 5 2.10 + 0.01 1.0E-06 + 3E-04 1.95 + 0.01 3.6E-03 + 8E-04
25 7.58 8 2.13 (F) 4.0E-04 + 3E-03 1.90 + 0.01 1.0E-06 *+ 4E-03
32 1.17 6.4 2.11 +0.02 5.9E-03 + 2E-03 1.98 + 0.01 4.6E-03 + 3E-03
46 3.48 4 2.13 + 0.01 6.8E-05 * 1E-03 1.94 + 0.01 3.6E-04 = 1E-03 1.94 + 0.01 1.0E-06 + 1E-03
53 4.03 6.9 2.18 (F) 1.0E-02 + 3E-03 2.03 + 0.03 1.8E-03 + 9E-03 1.97 = 0.02 2.4E-03 * 6E-03
67 0.10 7.5 2.20 + 0.03 6.3E-03 = 1E-03 1.99 + 0.01 5E-03 (F) 1.99 + 0.01 4.3E-03 + 1E-03
74 0.20 7.06 2.10 (F) 1.6E-03 + 7E-04 1.95 + 0.03 1.0E-06 + 5E-04 2.27 +0.02 5.6E-04 + 2E-03
88 1.83 5.8 2.11 +0.03 6.7E-03 = 2E-03 1.93 (F) 5.0E-04 + 2E-03 2.26 + 0.03 4.8E-03 *+ 5E-03
95 0.59 7 2.09 + 0.01 3.6E-03 + 1E-03 2.05 (F) 1.0E-02 + 5E-03
105 16.76 6 2.12 +0.02 1.7E-03 + 3E-05 1.94 + 0.03 1.0E-06 + 3E-03

Detailed fits are shown in S/ Text. The starting complex of TACE is represented at time 0, obtained by rapidly mixing and freeze-quenching TACE with buffer
before introducing the substrate. The rest of the fits are of the residual spectra resulting from iterative substractions of fractions of the starting phases (time
0). 3 X Zn-N/O I represents the average bond distance for three Zn-His residues. 1 X Zn-N/O Il represents the bond distance contribution from N/O atom (water
or peptide substrate). 1 X Zn-N/O Ill represents the bond distance contribution of the N/O atoms (water or peptide substrate). More than formation of
pentacoordinate complex is detected at 46-88 ms. Elongation of the Zn-O Ill bond distance is detected, presumably during dissociation of the substrate from
the catalytic zinc ion approaching steady state. E, the relative energy shifts used in the fits, R, Zn/ligand distance in A; 2, quality of the fits represented in x
a2, thermodynamic disorder in A; (F), parameters that were fixed in the fitting analysis.

the peptide substrate (starting at 88 ms) results in restoration of
the observed charge flow transitions (see Fig. 2). These spectral
shifts were reproducible and hence are not dependent on the
freeze-quench process during sample preparations. Correlation
between the time scales of the observed energy shifts and that
of the observed kinetic phases indicates that the zinc ion is
partially oxidized (as indicated by the high energy value at the
11.9-ms time point) and then partially reduced during the lag
phase (at 25-32 ms), presumably upon interaction of the sub-
strate with distal protein side chains because no local structural
changes were detectable around the catalytic zinc complex
during this phase (Fig. 2b and Table 1). Note that direct
assignment of individual charge transitions to distinct chemical
events throughout the catalytic reaction is limited at this stage of
experiment. For example, the partial reduction of the zinc ion
observed at 74 ms may result from a chemical or protein
conformational process at higher coordination shells.

Implications for Understanding Protease Reaction Mechanisms

Because of its great importance, the molecular mechanism of
peptide hydrolysis is extensively studied. Theoretical analyses
have suggested detailed reaction models, but until now, there has
been only limited and controversial experimental evidence to
support them.

Previous theoretical models for on carboxypeptidase A (CPA)
argued that the zinc-coordinated water molecule is displaced by
the peptide carbonyl oxygen and activated by a conserved active
site Glu residue during peptide hydrolysis (Fig. 1la and SI Text).
In this model, the zinc remains tetrahedrally coordinated
throughout the reaction (4, 14). X-ray crystallography and
kinetic studies of CPA, together with more advanced theoretical
calculations, suggested a contradicting model in which the water
molecule is bound to the zinc ion throughout its transformation
to the hydroxyl ion. This process is then followed by the binding
of the peptide carbonyl to the zinc ion to form a pentacovalent
zinc—protein—-substrate complex (3, 4). Our results provide real-
time and direct evidence for the formation of the pentacoordi-
nate catalytic zinc—protein complex during the peptide hydrolysis
reaction as proposed by Lipscomb and coworkers (3). This
intermediate has a relatively long lifetime, suggesting its key role
in peptide hydrolysis reactions.

4934 | www.pnas.org/cgi/doi/10.1073/pnas.0700066104

Remarkably, recent theoretical calculations on matrix metal-
loproteinase 3 predicted that dynamic changes in partial charges
in the catalytic zinc—protein complex are taking place during the
early stages of peptide hydrolysis while the peptide is directly
coordinated to the zinc ion. The role of such changes was
attributed to the mediation of the conversion of water to an
hydroxyl ion required for nucleophilic attack and oxyanion
formation occurring during peptide hydrolysis (6). This theoret-
ical reaction model supports the notion that such local charge
plasticity is mediated at the pentacovalent intermediate state,
where the peptide carbonyl oxygen coordinates the zinc ion.
Using our approach, we revealed experimentally that local
charge transitions at the catalytic zinc—protein complex are
indeed taking place even before the formation of the zinc—
protein—substrate pentacoordinate intermediate.

Overall, we have performed an experiment aimed at measur-
ing concomitant electronic and structural processes taking place
inside the active site of a zinc—protein enzyme during catalysis.
Using stopped-flow XAS at the zinc K-absorption edge, we were
able to probe the structure and electronics of a catalytic ion that
has, until now, been spectroscopically silent. Such direct char-
acterization of real-time trapped reaction intermediates evolving
during peptide hydrolysis of TACE enables us to refine the
molecular mechanism suggested for such prototypical zinc-me-
talloproteinase enzymes.

Unexpectedly, we found that the reaction is governed by initial
charge transitions of the catalytic zinc ion followed by dynamic
structural transformations of the tetrahedral catalytic zinc-
protein complex. This is mediated by the binding of the peptide
substrate to the zinc ion forming pentacoordinate transient
complex followed by product release and restoration of the
tetrahedral zinc—protein complex.

Our results emphasize the importance of local charge transi-
tions at the zinc ion before the formation of the pentacoordinate
zinc intermediate in mediating effective catalysis. Importantly,
this work indicates the presence of long range “communication
pathways” between distal protein domains (such as substrate
binding protein surfaces) and the catalytic machinery. Interest-
ingly, the charge behavior of the zinc ion exhibits an oscillatory
pattern. This may indicate that substrate interactions with the
protein moiety induce discrete charge transitions required for

Solomon et al.
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Fig.3. Schematic model of how the TACE hydrolysis reaction might proceed with one of its substrates, pro-TNF-a (TNF-«, PDB ID code 1tnf). The TACE catalytic
domain (PDB ID code 1bkc) is rendered as a solid white surface; the catalytic zinc-protein complex environment is colored according to an artificial color scheme
that represents the experimentally observed relative oxidation state of the zincion during catalysis (see Fig. 2b for relative values). Pro-TNF-a is rendered as solid
ribbons, with each monomer colored differently. The peptide cleavage site has been drawn in schematic way. Molecules were rendered by using the Weblab
viewer, and the images were processed by using Adobe Photoshop. In the enzyme’s active state, the catalytic zinc ion is coordinated to three &-N atoms from
His-405, His-409, and His-415 and a water molecule. The reference point is the relative charge at the catalytic zinc ion in the TACE active site at 0 ms, before
interaction with the substrate. Partial oxidation (not shown) followed by partial reduction (designated in yellow) of the catalytic zinc ion is detected upon
interaction of TNF-a with TACE's protein surface. Substrate recognition, which presumably results in active site conformational changes, induces partial oxidation
of the zincion, at the kinetic lag phase 0-34 ms, and the subsequent binding of Glu-406 to the zinc coordinated water molecule (see S/ Text for molecular details).
The catalytic hydroxyl ion is formed and charge is withdrawn by the metal ion from the hydroxyl group resulting in partial reduction of the zinc ion and
stabilization of the hydroxyl species. This promotes the nucleophilic reaction and the binding of the peptide substrate to the zinc ion to form the
pentacoordinated zinc complex during the kinetic burst phase at 46—-88 ms. Cleaved TNF-« dissociates from the zinc ion upon substrate hydrolysis and product
release. The total effective charge of the zinc ion is restored to the charge values of the resting state at 105 ms (for more detailed reaction model, see S/ Text).

peptide hydrolysis. Interruption of this fine-tuned process may
affect catalysis.

Fig. 3 provides a dynamic reaction model for peptide hydro-
lysis by TACE using pro-TNF-« as a substrate. In vivo, the
release of TNF-a is mediated by TACE’s cleavage of the
macromolecule pro domain. Fig. 3 emphasizes the transmission
of communication signals from distal protein domains to the
catalytic zinc site during catalysis. Pro-TNF-« binds to TACE’s
protein surface during the kinetic lag phase. Binding of TNF-«
results in partial oxidation followed by partial reduction of the
zinc ion, without substantial rearrangement. Cleavage of the pro
domain in Pro-TNF-« is mediated by direct binding to the
catalytic zinc ion during the kinetic burst. The product dissoci-
ates from the catalytic zinc ion and is released from the enzyme
pocket while restoring the charge of the catalytic zinc ion.

Overall, this experiment-based model provides for the first
time solid evidence for the proposed theoretical model of the
peptide hydrolysis mechanism (6, 15, 16) (for molecular details,
see SI Text). In addition, our multidisciplinary experimental
approach opens research pathways for direct mechanistic inves-
tigation of related as well as unrelated enzymes.

Application to the Design of Drugs for TACE

Pathologies directly related to TACE’s proteolytic function
include septic and toxic shock syndromes (17), transplant rejec-
tion (18), Crohn’s disease (19), Alzheimer’s disease (20), mul-
tiple sclerosis (21, 22), and several types of blood cell cancers
(23). TACE’s shedding of diverse, unrelated proteins of the
secretory pathway with divergent cleavage sites underlines the
complexity of substrate recognition and catalysis for this enzyme
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(24). Almost 10 years after the identification of this protease and
cloning of its gene, the molecular mechanisms controlling its
activation, substrate recognition, and catalysis remain elusive.
Here we reveal that substrate recognition by TACE is accom-
panied by dynamic changes of the total effective charge of the
zinc ion residing at the catalytic core of the enzyme, whereas the
tetrahedral zinc complex remains intact. Presumably, this
“charge plasticity” is mediated by protein conformational tran-
sitions and is required for the maturation of the zinc site for
substrate catalysis. Interfering with such, presumably fine or
subtle, conformation transitions may increase (or lower) the
energy barrier required for catalysis; this suggests that selective
inhibitors for TACE may be developed by targeting alternative
sites different from the catalytic zinc site, in a way that blocks or
critically perturbs the precursor electronic activity of the cata-
lytic core in TACE. This approach departs from traditional drug
design strategies used for metalloenzymes targeting the catalytic
metal site with potent zinc chelating peptidomimetic com-
pounds. This inhibition approach is based on the reported
dynamic structural and electronic model of TACE during sub-
strate hydrolysis but may be generalized to other related systems.

Materials and Methods

Materials. The catalytic domain of human TACE was expressed
and purified by using reported protocols (23). Fluoregenic
peptide QF-45 [Mca-Ser-Pro-Leu-Ala-Gln-Ala-Val-Arg-Ser-
Ser-Ser-Arg-Lys(Dnp)-NH;] was synthesized at the Weizmann
Institute core facilities.

Steady-State Kinetic. The enzymatic activity of TACE was mea-
sured at 37°C by monitoring the increased fluorescence intensity
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upon degradation of the fluorogenic peptides, QF-45, at Aex =
340 nm and A¢py = 390 nm. The standard assay mixture contained
50 mM Tricine buffer, pH 7.5, 100 mM NacCl, 10 mM CaCl,, and
20% glycerol.

Pre-Steady-State Kinetic Studies. An Applied Photophysics
(Leatherhead, U.K.) SX18 stopped-flow apparatus was used
for transient kinetic studies. Time-resolved kinetic assays were
conducted by using an excess of substrate (see SI Text for
details).

Stopped-Flow Freeze-Quench XAS. A final concentration of 0.4 mM
(11 mg/ml) TACE and nonfluoregenic QF-45 were rapidly mixed
at 1:10 TACE:QF-45 ratio and froze BioKine SFM-300 freeze-
quench module (SFM-300; Bio-Logic-Science Instruments,
Claix, France). Time points of freezing were chosen in the single
catalytic cycle (0-233 ms). Frozen samples were kept in liquid
nitrogen at 30°K before exposure to x-rays.
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